ABSTRACT: Iron availability affects the growth of not only phytoplankton, but also sea ice diatoms. Iron availability had a clear effect on the growth rates of Fragilariopsis cylindrus and F. curta. Maximum growth rates were 0.57 d -1 for F. cylindrus and 0.28 d -1 for F. curta; K m (half-saturation growth constant) was 0.51 × 10 -12 and 1.3 × 10 -12 M for F. cylindrus and F. curta, respectively. For both F. cylindrus and F. curta, F v /F m (quantum yield of fluorescence) was highest and lowest for the cultures grown with the highest and lowest concentrations of iron, respectively. For both species there was also a reduction in both rETR max (maximum relative electron transfer rate) and α (photosynthetic efficiency) with decreasing iron concentration. For F. cylindrus grown with the least iron, rETR max was half of the iron-replete value, while α was reduced by 65%. Changes in E k (light-adaptation parameter) were not well defined. Immunoassays were developed for the proteins ferredoxin and flavodoxin in Antarctic pack ice. Iron availability had different effects on the expression of flavodoxin and ferredoxin in the 2 Fragilariopsis species tested. Cultures of F. cylindrus grown at high iron concentration produced predominantly ferredoxin, with a small amount of flavodoxin. Ferredoxin was sequentially replaced by flavodoxin for cultures grown with less iron, although the response was not a simple switch from one protein to the other. The ability to produce ferredoxin is apparently absent in F. curta, with relatively constant levels of flavodoxin produced at all iron concentrations. These results strongly imply that the presence of flavodoxin alone cannot be used as evidence of ironlimited growth. 
INTRODUCTION
It is now well-established that iron plays a key role in regulating phytoplankton biomass, primary production, growth rates and community composition in the Southern Ocean (Boyd et al. 2007) . Iron concentrations in the open-ocean areas of the Southern Ocean are extremely low, regularly < 0.2 nmol kg -1 , compared with values > 5 nmol kg -1 in shallow coastal areas (Martin et al. 1990 ). But despite the numerous studies directed towards elucidating the role of iron in the Southern Ocean, there is very little information available on the response of individual Southern Ocean algal species to iron limitation. Timmermans et al. (2001a,b) studied the effects of iron on 2 Antarctic diatoms, Chaetoceros brevis and C. dichaeta, grown in both natural seawater amended with iron (without excess chelator), as well as in EDTA-buffered seawater. These investigators found clear differences in the iron requirements of the 2 species. The smaller species, C. brevis, was able to achieve rapid rates of growth at low iron concentrations and with low light. In contrast, the results for C. dichaeta suggested that for this species to bloom it required relatively high iron concentra-tions, high light intensities and a long photoperiod. Timmermans et al. (2004) studied growth rates of large Southern Ocean diatoms to determine growth kinetics and macronutrient consumption of these organisms in relation to iron availability. Van Oijen et al. (2004) also examined C. brevis under low iron conditions and high and low light; among their findings were that iron limitation led to reduced pigment content, decreases in light absorption and a decrease in quantum yield. They also observed large decreases in storage carbohydrates and increased susceptibility to photoinhibition.
Similar studies on Antarctic sea ice diatoms are lacking. Although it is doubtful that any algal species can be designated exclusively a 'sea ice species', Fragilariopsis curta (Grunow), F. cylindrus (Van Heurck) and Phaeocystis antarctica (Karsten) have been identified as 3 organisms that dominate pack ice assemblages (Lizotte 2001 ).
An estimated 80% of the iron within the cells of eukaryotic marine algae is bound within prosthetic groups of chloroplast electron transport proteins (Raven 1990) . When the rate of iron uptake from the environment is insufficient to meet the demand for cell division, phytoplankton cells reduce their cellular quota for iron in an attempt to maintain growth at maximum rates (Sunda & Huntsman 1995 , 1997 . Mechanisms thought to be responsible for the lowering of iron quotas under iron stress include a general decrease in the number of photosynthetic units (Sunda & Huntsman 1997) , decreased synthesis of specific iron-containing proteins (Greene et al. 1992) and substitution of iron-containing proteins for functionally equivalent proteins without iron, such as the replacement of ferredoxin for flavodoxin (La Roche et al. 1993 .
Considerable differences in iron use efficiencies have been observed between different algal species. One of the most striking observations is the much lower (up to 8-fold) iron requirements of oceanic species compared to coastal species (Brand 1991 , Sunda & Huntsman 1995 , although surface area normalised uptake rates of coastal and oceanic species are similar (Sunda & Huntsman 1995) . Iron transport rates in all marine algae are constrained by limits imposed by diffusion and ligand exchange kinetics and by the number of transport molecules that can fit in a unit area of cell membrane (Morel et al. 1991) . Because oceanic algal species have not been able to develop more efficient uptake systems, evolutionary pressure has forced oceanic species to either become smaller or reduce their cellular requirements for iron (Sunda & Huntsman 1995) . The rearrangement of photosynthetic architecture through the reduction of the ratio of Photosystem I (PSI) to Photosystem II (PSII) has been identified as one mechanism employed by oceanic species to reduce their demand for iron (Strzepek & Harrison 2004) . Other strategies utilised by oceanic microalgae to reduce their iron quota remain unknown, but are to likely to involve the replacement of iron-containing catalysts with functionally equivalent proteins that do not contain iron, and minimisation or avoidance of biochemical pathways that require iron (Sunda & Huntsman 1995) .
It can be assumed that algal species that thrive in pack ice are well adapted to the conditions that exist in this habitat. The Antarctic pack ice is characterised by strong gradients of temperature, light, salinity and nutrient supply (McMinn et al. 1999 , Brierley & Thomas 2002 , Arrigo 2003 , Thomas & Papadimitriou 2003 . These conditions may have placed significant evolutionary pressure on these organisms to develop an efficient metabolism in regard to iron.
Here we describe the effects of iron limitation on Fragilariopsis cylindrus and F. curta, 2 diatoms that dominate Antarctic pack ice. Iron stress is considered any concentration of Fe that results in a lower growth rate, and the half-saturation constants for growth in relation to iron availability are determined for these organisms. Physiological and biochemical responses to iron limitation are also examined. Particularly, relationships between ferredoxin and flavodoxin expression, iron availability and other biochemical/ physiological responses to reduced iron supply are determined. This is done in order to assess the usefulness of ferredoxin and flavodoxin as markers for iron availability in these organisms.
MATERIALS AND METHODS
All cultures examined in the present study were isolated from melted sea ice collected in the Mertz Glacier region (63 to 66°S, 143 to 148°E) of the Southern Ocean during Voyage 1 of the RS 'Aurora Australis' in October to November 2002 (Pankowski & McMinn 2009) .
Fragilariopsis cylindrus and F. curta were grown in 250 ml (for acclimation) or 500 ml (final experiments) polycarbonate jars with polypropylene lids (Technoplas). Culture-ware and any material that came in contact with growth medium was soaked in 0.01% Triton X100 in >18.2 MΩ resistivity Milli-Q water for 24 h, and then rinsed with 5 rinses of Milli-Q water. It was then soaked overnight in 1 N HCl (Mallinkrodt AR select), followed by another 5 rinses with Milli-Q water. All rinsing and subsequent handling of plasticware was done in a trace-metal-clean laminar flow hood. For sterilisation, bottles or jars were filled with Milli-Q water, lightly capped, placed in polyethylene zip-lock bags and heated in a domestic 700 W microwave oven to boiling point, then for a further 10 min.
Media for culturing was prepared from natural seawater collected from the Mertz Glacier region (66°S, 147°E) of the Southern Ocean in November 2001 during Voyage 1 of the RV 'Aurora Australis'. Water was pumped from beneath an ice flow through a hole cut with a SIPRE ice corer. The pumping system consisted of polyethylene tubing connected to a peristaltic pump with a short length of silicone tubing. A 0.45 μm polycarbonate (Osmonics) membrane housed in a polypropylene inline filter housing was used to filter the water before being collected in a polycarbonate carboy. All components of the pumping system were cleaned as described for the culture-ware. Prior to collecting water, the pumping system and carboys were flushed with 5 l of seawater. The collected seawater was stored in the dark at 4°C for ~1 yr before being used in the experiment. Measurement of dissolved iron in the seawater by flow injection analysis showed that levels were sub-nanomolar (A. Bowie pers. comm.) and therefore insignificant compared to the levels added when preparing the trace-metalbuffered media.
Seawater from the 20 l carboys was sterilised by passing it through a 0.2 μm acid-cleaned capsule filter (Sartorius Sartobran 300). From the filter it was dispensed into trace-metal-clean and sterile 1 l polycarbonate bottles. Media composition was based on that of AQUIL (Price et al. 1989 ). To each bottle was added nitrate (300 μM), phosphate (10 μM) and silicate (100 μM) from stocks which had been passed through a Chelex column to remove contaminating trace metals (Morel et al. 1979) . A combined vitamin stock was then added. A trace-metal mixture (without iron) was combined with EDTA (100 μM final concentration) before being added to the media. Final trace-metal concentrations were 19.6 nM for Cu, 121 nM for Mn, 80 nM for Zn, 10 nM for Co, 100 nM for Mo and 10 nM for Se. For experiments with Fragilariopsis curta the final concentration of Zn was increased to 500 nM, as initial experiments showed that this species had a high requirement for this element. The iron concentrations in each 1 l bottle of media were adjusted with an iron-EDTA stock that had been freshly prepared from 0.1 M FeCl 3 (in 0.01 M HCl) and 0.1 M EDTA stock. Total dissolved iron concentrations were 500, 300, 100, 50, 25, 12.5 and 6.25 nM. Metal speciation in the media at the start of the experiment was calculated by the method of Gerringa et al. (2000) .
All cultures were grown at 1°C under 70 μmol photons m -2 s -1 light supplied by cool white fluorescent lights (Philips). Prior to the start of the experiment each species was acclimated to each concentration of iron; this involved maintaining cultures in exponential growth at each level of iron for at least 3 transfers (4 to 9 wk depending on iron concentration and species) at which point growth rates and F v /F m (quantum yield of fluorescence) values were stable.
The growth rate data were fitted to a Monod growth function:
(1) where μ is the growth rate, μ max is the maximum growth rate, Fe' is the inorganic iron concentration and K m is the half-saturation growth constant.
The acclimated cultures were inoculated in triplicate into 500 ml jars containing 300 ml of media. The amount of inoculum used was that required to achieve a dark-adapted fluorescence value (F o ) of 100 at photomultiplier (PM) gain setting 14 to 16 on a water PAM fluorometer (Walz) zeroed with a filtered seawater blank. This level of fluorescence was determined to be the lowest that could be reliably measured by the instrument and corresponded to around 10 000 to 20 000 cells ml -1 for Fragilariopsis cylindrus and 4000 to 8000 cells ml -1 for F. curta. The 2-fold range in cell concentration for each species resulted from higher fluorescence per cell for the iron-stressed treatments. Samples (3 ml) were withdrawn from each flask at regular intervals using trace-metal-clean and sterile techniques, and rapid light curves (RLC) were run under software control (WinControl, Walz) after 10 s of quasi-dark adaptation (Ralph & Gademann 2005) . These were used to calculate rETR max (maximum relative electron transfer rate), α (photosynthetic efficiency), β (photoinhibition index), and E k (lightadaptation parameter). The same sample was then dark adapted for 30 min before assessing F v /F m . Dark-adapted F o values were used to calculate growth rates of each treatment by linear regression of ln F versus time.
A weak measuring light (0.15 μmol photons m -2 s -1 ) was used to measure the fluorescence yield, while a saturating pulse (> 3000 μmol photons m -2 s -1 for 0.8 s) was used to determine the maximum steady-state fluorescence. Chlorophyll fluorescence was detected at wavelengths > 710 nm. Blue-light emitting diodes (LED) provided actinic light used in the RLCs at levels of 0, 37, 85, 125, 194, 289, 413 and 577 . Relative electron transport rate was derived according to the equation (Schreiber 2004): (2) rETR = F v /F m × PAR RLCs are described using several characteristic parameters, such as E k, α, β and rETR max (McMinn et al. 2003) . To determine these parameters, the RLCs were fitted to an exponential curve following Platt et al. (1980) . This process described the photosynthetic re- (Platt et al. 1980) , using a Marquardt-Levenberg regression algorithm, such that:
As photoinhibition was not seen (i.e. β = 0), the function becomes a standard rectangular hyperbola, with an asymptotic maximum rETR value and can be simplified to: (4) where P s is a scaling factor defined as the maximum potential rETR in the absence of photoinhibitory processes, P m is the photosynthetic capacity at saturating light, α is the initial slope of the RLC before the onset of saturation, E d is the downwelling irradiance (400 to 700 nm), and β characterizes the slope of the RLC beyond the onset of photoinhibition (Henley 1993 ). E k is the photoadaptive index or minimum saturating irradiance and is calculated as:
The proportions of energy dissipated as heat (nonphotochemical quenching, NPQ) were calculated according to the following equation (Schreiber 2004) :
where F m is the maximum fluorescence in the dark and F m ' is the maximum fluorescence in the light.
When cultures had grown to a fluorescence value between 3000 and 4000 relative units with the instrument set at the PM gain chosen at the beginning of the experiment, aliquots were taken for cell counts and duplicate chlorophyll determination. The remainder of the culture was concentrated on polycarbonate membranes (Osmonics) with pore sizes of 2 μm (Fragilariopsis cylindrus) or 5 μm (F. curta) under vacuum of < 5 mmHg, and then washed from the membrane into a micro-centrifuge tube. Cell material was pelleted by centrifugation at 1000 × g, and the pellets were frozen at -80°C until analysis of the proteins by Western blotting (Pankowski & McMinn 2008 ).
An additional experiment was conducted to determine the rate of recovery of Fragilariopsis cylindrus from Fe stress over a period of 24 h. F. cylindrus cultures grown at a Fe concentration of 6.25 nM were transferred to media with a concentration of 500 nm. The photosynthetic parameters F v /F m , α, rETR max and chlorophyll a cell -1 were measured at 3, 6 12 and 24 h. Flavodoxin and ferredoxin concentrations were measured at 6, 12 and 24 h.
RESULTS

Growth
There was a clear effect of iron concentration on growth rate for both Fragilariopsis cylindrus and F. curta (Fig. 1) , which was 50% of its maximum rate.
For Fragilariopsis cylindrus, mean growth rates at the 4 highest concentrations of iron ranged from 0.530 to 0.586 d -1 and therefore represent growth at close to maximum rates. For this species, the level of iron required to achieve a decrease in growth of 10% (a reduction seen as biologically significant and representative of the onset of iron-limited growth) was 2.78 pM Fe' (25 nM Fe total ).
For Fragilariopsis curta, cultures grown with 55.5, 33.3 and 11.1 pM Fe' (500, 300 and 100 nM Fe total ) grew at rates that were within 10% μ max . For this species, the growth rate decreased below 90% μ max when supplied with 5.55 pM Fe' (50 nM Fe total ) or less. 
PAM fluorometry
For both Fragilariopsis cylindrus and F. curta, F v /F m was highest and lowest for the cultures grown with the highest and lowest concentrations of iron, respectively. The relationship between F v /F m and iron concentration was similar to that observed for growth rate (Fig. 2) . Both species were close to reaching their maximum F v /F m (F. cylindrus = 0.65, F. curta = 0.56) with the 3 highest iron concentrations, i.e. when the iron concentration was >100 nM. More distinct reductions in F v /F m occurred for organisms growing at Fe' concentrations below 5.55 pM (50 nM Fe total ).
For Fragilariopsis cylindrus the maximum observed F v /F m was 0.64, and the most iron-limited cultures of this species had an F v /F m of 0.34. This level of reduction is indicative of moderate to severe nutrient stress.
Maximum observed F v /F m for Fragilariopsis curta was somewhat lower (0.56), but still within the range expected for nutrient-sufficient phytoplankton. In this species, F v /F m was less responsive to iron stress than growth rate. For cultures grown at the lowest concentration of iron of 0.69 pM Fe' (6.25 nM Fe total ), F v /F m was reduced by 25% of that observed for the 500 nM grown culture, whilst growth rate was suppressed by 50%.
Representative RLCs for Fragilariopsis cylindrus and F. curta grown at each concentration of iron are shown in Figs. 3 & 4. The corresponding cardinal points, rETR max , α and E k derived from curves taken of triplicate cultures of each species at each treatment level are presented in Table 1 . Several of the RLCs for F. cylindrus had not reached a maximum; thus, the given rETR max is likely to be an underestimate. This does not affect the subsequent interpretation of the data, but emphasises the different responses of the 2 species to iron.
For both species there was a clear reduction in both rETR max and α with decreasing iron availability. For Fragilariopsis cylindrus grown with the lowest concentration of iron, rETR max was half that of the iron-replete value, while α was reduced by 65%. For F. curta the reductions in these parameters were slightly lower (30% for rETR max and 50% for α). Changes in E k were not as well defined as the other 2 parameters, but did show the general trend of higher values at the lowest iron concentrations. This trend is more evident from plots of relative rETR max versus relative α for each species (Fig. 5 ). For both species the linear trend had a slope greater than unity. This demonstrates that for both species declines in α were greater than reductions in rETR max , resulting in E k shifting to higher values for the low-level iron cultures. This effect was more pronounced for F. curta (slope = 1.28) than for F. cylindrus (slope = 1.13).
The ability of cultures to develop NPQ as light levels increased during RLCs is shown in Fig. 6 for Fragilariopsis cylindrus and Fig. 7 
Chlorophyll and protein
Results for chlorophyll and total protein are expressed on a per cell basis in Table 2 . Chlorophyll content of cells was highest for organisms grown at the highest iron concentrations for both species. For both species, decreasing iron in the media led to progressively lower cellular chlorophyll concentrations. The relative stepwise decrease in chlorophyll content at each concentration of iron was similar for the 2 species. The lowest per cell concentrations were observed in the cultures grown with the least iron and were 55 to 60% of the maximum values for both species. For both species, cellular protein content did not show any consistent response to iron availability.
Ferredoxin and flavodoxin
An example of a Western immunoblot for ferredoxin and flavodoxin conducted on total proteins extracted from Fragilariopsis cylindrus is shown in Fig. 8a . Iron availability had a clear effect on the expression of these proteins in this organism. Cultures grown with 55.5 pM Fe' (500 nM Fe total ) produced predominantly ferredoxin, with a small amount of flavodoxin staining detectable but well below the lowest standard loaded on the gel and therefore not quantifiable. Ferredoxin was replaced by flavodoxin for cultures grown with less iron, but the response was not a simple switch from one protein to another. Cultures grown with both 33.3 pM Fe' (300 nM Fe total ) and 11.1 pM Fe' (100 nM Fe total ) expressed both proteins, with a greater amount of ferredoxin compared to flavodoxin produced by the organism at the higher iron concentration. For cultures supplied with 5.55 pM Fe' (50 nM Fe total ) or less, only flavodoxin was expressed. The amounts of each protein produced under each treatment level were quantified against a standard curve of known amounts of the pure proteins from Cylindrotheca closterium (Fig. 9a) . When both proteins are expressed as moles of catalyst, flavodoxin appeared to replace some but not all of the ferredoxin expression, leading to a decline in the total concentration of catalyst with increasing iron stress. When ferredoxin expression was completely suppressed (50 nM Fe total ), flavodoxin levels were maximal and did not increase for cultures that were suffering from a greater level of iron stress. 13.7 ± 0.9 1.09 ± 0.09 0.82 ± 0.07 53.5 ± 5.0 100 16.1 ± 1.0 1.54 ± 0.06 0.73 ± 0.08 67.5 ± 7.8 300 18.6 ± 1.2 1.33 ± 0.09 1.00 ± 0.10 56.5 ± 7.1 500 17.5 ± 0.9 1.76 ± 0.06 0.93 ± 0.11 73.0 ± 4.4 The equivalent blots and graph for Fragilariopsis curta (Figs. 8b & 9b) suggest that the ability to produce ferredoxin is absent in this organism. The data presented for replicate cultures at each treatment level (Fig. 9b) show relatively constant levels of flavodoxin across all treatments.
Recovery of Fragilariopsis cylindrus from iron limitation
PAM fluorometry, extracted chlorophyll analysis and Western blotting were used to monitor the recovery of F. cylindrus cultures from iron stress. There were considerable differences in the rates of change of the various parameters measured. Changes in the photosynthetic parameters F v /F m and rETR max are shown in Fig. 10a,b .
Small changes in F v /F m and α were evident within 3 h of adding iron to iron-stressed cultures. The increase in these 2 parameters was linear over the 24 h period. Twenty-four hours after addition of iron, F v /F m had recovered to approximately 80% of iron-replete levels and α to within 70%. If recovery of these 2 parameters were to continue at the observed rates, α and F v /F m would have reached iron-replete values after approximately 40 h. Recovery of rETR max occurred with different kinetics. Recovery of this parameter in the first 6 h occurred at a similar rate to increases in F v /F m . During the second 6 h period, the recovery rate of this parameter accelerated and reached iron-replete levels within 12 h of iron addition and remained at this level for the final sampling time period.
Chlorophyll per cell (Fig. 10c) and ferredoxin expression (Fig. 11) were much slower to show signs of change. There was no change evident in cellular chlorophyll levels until the 24 h time point, when chlorophyll levels had increased by 20% compared to control levels. Recovery to iron-replete levels would involve a doubling of pre-recovery levels of chlorophyll per cell.
After 12 h a faint band for ferredoxin was observed, but this was well below the lowest standard loaded on the gel and therefore below quantitation (Fig. 11) . After 24 h, expression of ferredoxin was more sustained and had increased to a similar level (in terms of moles catalyst) as that of flavodoxin (Fig. 11) . At the same time there was no significant decline in flavodoxin expression. Ferredoxin and flavodoxin levels at this time point were similar to the 100 nM grown cultures, although by comparison F v /F m and α were close to those values of the 50 nM culture, chlorophyll per cell was at levels comparable to those of the 25 nM culture, whilst rETR max was equivalent to that of the 500 nM culture. Hence, although synthesis of ferredoxin began slowly, it recovered more fully than F v /F m , α, or cellular chlorophyll concentrations, but not as rapidly as rETR max (Fig. 12) .
DISCUSSION
Growth
The maximum growth rate of Fragilariopsis cylindrus (0.57 d -1 ) in trace-metal-buffered media was similar to that observed by Fiala & Oriol (1990) under equivalent light and temperature conditions in f medium, and identical to the rate observed in f /2 medium for this strain (Pankowski & McMinn 2009 ). Growth of F. curta in this medium was 75% of that observed for this strain in f /2 medium under similar light intensity (Pankowski & McMinn 2009 ).
The growth rate data fitted to a Monod function yielded similar K m values for both species. With respect to total inorganic iron [Fe'], these were 0.51 × 10 -12 M for F. cylindrus and 1.3 × 10 -12 M for F. curta. For both species, reductions in the growth rate to below 90% of the maximum occurred at around 2.8 to 5.6 pM Fe' (25 to 50 nM Fe total ), and, at the lowest concentration of iron in the experiment, both species grew at around half their maximum rates.
Comparison of these K m values to those reported in the literature for other phytoplankton is complicated by differences in the methods used to estimate inorganic iron and uncertainties as to which chemical species of iron are available for uptake by phytoplankton in various media. For example, K m for Fe' of the Antarctic diatom Chaetocerous brevis grown in media buffered with EDTA was 2 × 10 -12 M (Timmermans et al. 2001a ). The same species and strain grown in lowiron-concentration seawater with added desferrioxamine had a K m for [Fe'] 2 orders of magnitude lower, but a K m for dissolved iron (the sum of Fe' and the concen- (2005) recently presented evidence for an iron uptake model for diatoms, whereby both inorganic iron and organically bound iron are available for uptake, but all species must undergo reduction to a + 2 oxidation state at the cell surface prior to uptake. In this model, uptake in EDTA-buffered media largely occurs through reduction of inorganic iron species at the cell surface. For the same reason, direct comparisons with iron concentrations in natural seawater and sea ice, in which most of the iron is bound in organic molecules, is also difficult. Iron concentrations in coastal areas are extremely variable and can exceed 500 nM (Cannizzaro et al. 2000) . Values from offshore areas of the Southern Ocean, by comparison, are consistently low and usually < 0.2 nM (Martin et al. 1990 ). Values <1 nM are generally thought to be Fe-limiting (Sedwick et al. 2000) . Iron concentrations between 0.36 and 53 nM have been reported from sea ice (Edwards & Sedwick 2001) . These sea ice iron concentrations are higher than those of the surrounding ocean, as nutrients are concentrated by brine rejection during ice growth. Comparisons of inorganic iron (Fe', pM), give more consistent results between studies than comparisons of total iron (Fe total , nM) (Timmermans et al. 2001a ).
Growth-rate data for other diatoms grown in EDTAbuffered media were used to calculate K m values based on [Fe'] estimated using the metal speciation calculations reported in the present study and those reported by Timmermans et al. (2001a) . The values fall within a range of approximately 1 order of magnitude (Table 3) . Those reported in the present study for Fragilariopsis cylindrus and F. curta are in the middle of the range of presented values. The calculations used ignore the photo-dissociation of iron EDTA complexes that increase steady-state inorganic iron concentrations (Gerringa et al. 2000 At low temperatures, rates of thermal dissociation and association of iron EDTA complexes are lower, but photo-dissociation rates remain largely unchanged (Sunda & Huntsman 2003) . Based on the observed changes in rates of thermal reactions compared to photolysis at 10°C compared to at 20°C (Sunda & Huntsman 2003) ] growth represents the concentration of iron required to achieve a growth rate half of maximal and therefore provides an indication of a diatom's overall ability to maintain growth under low-level iron conditions. With falling iron concentrations, a diatom with a high K m [Fe'] will experience physiological impairment sooner than a diatom with low K m [Fe'] growth. The values do not represent the quota or iron use efficiency of the diatom, which is a measure of the amount of iron a diatom requires to generate a unit amount of biomass. Sunda & Huntsman (1997) suggest that the options available to oceanic algal species to grow under low iron concentrations are: (1) to become smaller, which increases the surface area:volume ratio; (2) to reduce intracellular iron quotas; or (3) to grow more slowly. The reduced maximum growth rate of the larger species, Fragilariopsis curta, clearly contributes to its ability to maintain growth at similar iron concentrations to its smaller competitor F. cylindrus.
Effects of iron on photosynthesis and pigments
As well as the observed halving of the growth rate, there were significant changes to photosynthetic parameters and cellular chlorophyll levels. The magnitudes of these changes were similar for both organisms. One of the most consistent and obvious effects of iron on Chaetoceros muelleri (Davey & Geider 2001) (van Oijen et al. 2004) or the neritic diatom Phaeodactylum tricornutum (Greene et al. 1991) . In all but one of the above-mentioned studies α values were calculated from 14 C uptake and normalised to a per chlorophyll basis. Alpha values obtained by PAM RLCs reflect the probability of light energy captured by an antenna unit being used for PSII photochemistry (quantum yield for PSII charge separation) under weak actinic illumination. Hence, α reflects the effective quantum yield of PSII under low light conditions. Chlorophyll-specific α values from traditional photosynthesis versus irradiance curves are irradiance-specific rates of photosynthetic oxygen evolution or carbon assimilation and are equivalent to the product of the quantum yield of photosynthesis (Φ, which is proportional to the quantum yield for PSII charge separation) and the chlorophyll-specific light absorption coefficient (a*). In the study on P. tricornutum, iron limitation led to a decrease in Φ, but an increase in a* (due to reductions in pigment content and a decrease in the package effect), with the net result that α remained unchanged (Greene et al. 1991) . The clear decreases in α observed in iron-limited Pyramimonas sp. and C. muelleri suggest that in these studies decreases in Φ were much greater than increases in a*. These results, as well as those observed here for Fragilariopsis cylindrus and F. curta, suggest that a consistent effect of iron limitation is to decrease the quantum yield of photosynthesis, most likely due to changes that occur to PSII that reduce the efficiency of charge separation. In the marine alga Dunaliella tertiolecta, alterations to PSII resulting from iron limitation included an uncoupling of pigment antenna units from the PSII reaction centres, which coincided with lower expression of a number of PSII-associated proteins (Vassiliev et al. 1995) .
Rapid light curve α values and F v /F m measure the quantum yield of PSII under light-limited photosynthesis and dark-adapted states, respectively. A comparison of the 2 can provide information about the functioning of the photosynthetic apparatus at sub-saturating irradiances. Alpha values were consistently lower than F v /F m for all cultures, but the difference between α and F v /F m was not the same for iron-limited and iron-replete cultures. For the most iron-limited treatments for both organisms α was 60% of F v /F m , whilst, for cultures grown with the highest concentration of iron, α was > 90% F v /F m . This suggests that, for the most iron-limited cultures, weak illumination caused a relatively large percentage of reaction centres to close. Conversely, the majority of reaction centres remained open for the iron-replete cultures under the weak illumination experienced during the early steps of the RLC.
Plots of F and F m ' against irradiance for Fragilariopsis cylindrus and F. curta grown under iron-replete and iron-limited conditions showed similar features (Fig. 13) . For iron-replete cultures (Fig. 13b) , increasing light intensity during the RLC caused a gradual increase in the minimal steady-state fluorescence value F to approximately 150% of the quasi-darkadapted value. Furthermore, when irradiance exceeded environmental levels maximum fluorescence F m ' declined in a sigmoidal fashion. The F m ' of iron-limited cultures (Fig. 13a ) also declined with rising light levels; however, the overall decrease in F m ' was less and began at higher irradiance. Steady-state fluorescence F of iron-limited cells showed a very different response to iron-replete cells, increasing only at the first level of actinic light and then remaining constant for all subsequent light levels.
Declines in F m ' are characteristic of the induction of non-photochemical quenching mechanisms, which are usually associated with the build up of a proton gradient across the thylakoid membrane (energy-dependent quenching, qE) (Buchel & Wilhelm 1993) . The relaxation kinetics observed for this quenching, i.e. complete relaxation within 30 min of dark adaptation, is also consistent with the quenching being of the qE variety (Krause & Weis 1991) . Smaller declines in F m ' of iron-limited cells indicate less development of nonphotochemical quenching, which is consistent for the observed lower NPQ coefficient for iron-limited Fragi- lariopsis cylindrus cultures compared to cultures of this organism grown under iron-replete conditions. That non-photochemical quenching began to develop at higher irradiance in iron-limited cells suggests that higher photon fluxes were required to build the transthylakoid proton gradient (ΔpH) in iron-limited cells. Increases in steady-state fluorescence F upon illumination are thought to reflect the oxidation state of the plastaquinone pool (PQ) and, as a consequence, the proportion of reduced primary accepter Q A (Kolber & Falkowski 1993) . As more of the plastaquinone pool becomes reduced, less is available to reoxidize Q A , resulting in more reaction centres being closed to the transfer of absorbed photon energy. Ralph & Gademann (2005) suggest that an increase in F during a RLC reflects insufficient 'sink' capacity to remove the electrons generated at the PSII reaction centres. This is particularly evident in low-light-adapted organisms, which maximize light capture at low irradiance, but have limited ability to process high electron fluxes (Ralph & Gademann 2005) . Hence, iron-replete F. cylindrus and F. curta showed characteristics of adaptation to moderate light levels. F increased steadily with increasing irradiance suggestive of an imbalance between electron generation by PSII and usage of these reducing equivalents through carbon fixation.
In iron-limited cells the increase in F at quite low irradiance and only at the onset of actinic illumination could similarly be due to an increase in the extent of reduction of the plastaquinone pool. However, as it occurred under very low light levels, with the effective quantum yield (and F ) remaining relatively constant for the following 5 steps of the light curve, it more likely indicates a closure of a subset of the reaction centres under low light. Such closures could occur if a subset of reaction centres were of the Q A non-reducing type (Krause & Weis 1991) . That F remained constant with further increases in irradiance suggests that the capacity to utilise electrons was greater than the ability to generate them. This is consistent with the observation that iron-limited cells began to develop non-photochemical quenching at higher irradiance. Only when photon flux densities are relatively high can iron-limited cells generate enough ΔpH to induce the build-up of non-photochemical quenching.
Iron-limited growth also resulted in suppression of rETR max . Furthermore, declines in rETR max were not as great as the observed decreases in α, causing E k to shift to higher irradiance. This further demonstrates that iron limitation caused larger reductions to light capture and primary charge separation relative to electron processing capacity downstream from PSII. In iron-replete cultures, E k was close to environmental light levels, indicating that the organisms were growing at close to light saturation with limited ability to photochemically utilise the increased photon fluxes when light levels exceed environmental levels. Iron-limited cultures, however, were growing at sub-saturating irradiance, where the capacity to process energy downstream of PSII is greater than the capacity to carry out light capture and primary charge separation.
The results presented here are consistent with ironinduced changes in photosynthesis being mainly due to effects on PSII. Various alterations to the photosynthetic electron transport chain have been postulated to cause a reduction in maximal quantum yield for PSII due to iron limitation. Vassiliev et al. (1995) reported that iron limitation causes a significant reduction in the abundance of Light Harvesting Complex II (LHCII) proteins, which coincided with PSII reaction centres becoming energetically isolated. Reduced transfer of excitation energy from closed PSII reaction centres to open centres was also observed, along with changes in the rate of electron transport through the photosynthetic electron transport chain. These latter changes were thought to be the result of decreased abundance of certain functional proteins on the acceptor side of PSII (e.g. cytb559), which resulted in less efficient reduction of the primary acceptor Q A . Evidence for alterations to the rate of electron transfer through PSI has also been observed as a result of a reduction in certain iron-containing proteins in this photosystem (Greene et al. 1992) . Although alterations to PSI may have occurred in Fragilariopsis cylindrus and F. curta, they were masked by more substantial relative changes to PSII.
Ferredoxin and flavodoxin expression in relation to iron supply, growth and physiology
Phytoplankton faced with falling concentrations of an essential nutrient respond to the stress by initiating changes to cellular biochemistry, which represent an attempt to mitigate the effects of falling nutrient availability. These changes may include the induction of acquisition systems, for example, the up-regulation of membrane-bound metal transport ligands, replacement of one catalyst for another, as occurs with the replacement of ferredoxin and flavodoxin, and the progressive down-regulation of metabolic processes . Alterations to cellular composition and biochemical processes in response to decreased nutrient availability can precede reductions in growth rate. For example, Morel et al. (1991) suggested that microalgae growing with replete amounts of a given trace metal express sub-maximal densities of membrane-bound transporters for that metal. When the availability of a trace metal falls to a critical level, where the organism's full quota cannot be met, the number of transport ligands increases. This allows the organism to maintain growth at near maximum rates. This physiological state, where the growth rate is near maximum, but compensatory mechanisms have been induced, is called metal stress (Morel et al. 1991) . When ligand transport density reaches a maximum level and other mechanisms cannot compensate for the decreased metal availability, growth rates fall and the organism enters metal limitation. A useful definition of the onset of metal limitation is a growth rate 90% of maximum (Morel et al. 1991) . Hence, changes in cellular biochemistry or physiology that result from reduced trace metal availability, but that are not accompanied by a reduction in growth rate, are evidence of metal stress.
Based on the above definitions for metal stress and metal limitation, the substitution of ferredoxin for flavodoxin in Fragilariopsis cylindrus begins as an early response to iron stress. For this organism the cultures grown with 300 and 100 nM iron contained both ferredoxin and flavodoxin and showed photosynthetic parameters and cellular chlorophyll concentrations that were around 90% of the values observed for the 500 nM (iron replete) cultures. Full replacement of ferredoxin for flavodoxin was observed in the 50 nM cultures, which grew at rates which were still > 90% μ max , i.e. the organisms were not growing under iron limitation. These cultures grown with 50 nM iron showed only minor symptoms of iron stress, with photosynthetic parameters and per cell chlorophyll concentrations suppressed by around 20% compared to maximum. Davey & Geider (2001) observed that substantial increases in flavodoxin expression caused by iron stress had little effect on growth rates, light-saturated photosynthesis rates, variable fluorescence, or intersystem electron transport in cultures of the diatom Chaetocerous muelleri. These authors also observed that under the highest levels of iron stress, small increases in flavodoxin were accompanied by large changes in photosynthetic parameters. Fragilariopsis cylindrus grown at a pFe' of 2.8 (25 nM Fe total ) or less grew at rates that were substantially limited by iron availability. For these treatments, each incremental reduction in iron caused a drop in growth rate and further reductions of α and rETR max ; F v /F m values, however, remained constant for these cultures. The different responses of these 2 species may reflect the different growing conditions; F. cylindrus had already acclimated to the low iron concentration, while C. muelleri was experiencing actively falling iron levels. Under such circumstances, rates of change to photosynthetic parameters through processes such as damage and degradation of photosynthetic units may be more rapid than protein synthesis rates. Hence, an acclimated state in which flavodoxin expression is truly related to iron supply may not have been reached. Erdner et al. (1999) similarly observed that flavodoxin was expressed in Thalassiosira weissflogii at growth rates of 80 to 90% maximum. These authors also examined ferredoxin expression in this organism and suggested that when growth rates were limited by iron the relative abundance of ferredoxin and flavodoxin (the ferredoxin index) had the potential to indicate the severity of iron stress. McKay et al. (1999) observed that the accumulation of flavodoxin coincided with impairment of photochemistry in Phaeodactylum tricornutum; however, the level of impairment observed was minor, corresponding to the small decrease observed for F. cylindrus grown at 100 nM Fe total compared to 500 nM.
Fragilariopsis curta showed similar trends to F. cylindrus in terms of growth rate, α, rETR max and F v /F m . For this organism, significant limitation of growth by iron occurred in the 4 treatments supplied with < 5.6 pM [Fe'] (50 nM Fe total ). Apart from a 30% decrease in α for the 100 nM grown culture, the cultures supplied with the 3 highest concentrations of iron showed little other evidence of physiological impairment. Furthermore, ferredoxin was never detected in this species, and flavodoxin levels were constant across all treatments.
Constitutive expression of flavodoxin has previously been observed in Rhizosolenia sp., but the expression of ferredoxin was not examined in this organism (McKay et al. 2000) . In Thalassiosira weissflogii a constitutive flavodoxin was also reported, but was a minor fraction of the combined ferredoxin + flavodoxin pool (Doucette et al. 1996) , and was suppressed by very high iron concentrations (Erdner et al. 1999) . The lack of detection of ferredoxin in Fragilariopsis curta could have conceivably resulted from a lack of antibody cross reactivity towards the protein from this organism. If ferredoxin was the dominant catalyst in F. curta, but was simply not detected in iron-replete cultures, an up-regulation of flavodoxin would be expected under iron stress. The observed constant concentration of this catalyst in F. curta, however, suggests that ferredoxin is either a minor component or completely absent from this organism.
It is possible that other environmental factors might also influence flavodoxin expression in sea ice diatoms. Fluda & Hagemann (1995) noted the expression of flavodoxin in a cyanobacterium in response to either iron or salinity stress. Furthermore, Yousef et al. (2003) found that the gene responsible for the up-regulation of flavodoxin in cyanobacteria was induced by any oxidative stress. However, in sea ice, the algal communities that are on the under-surface of the ice are in contact with normal salinities and the lowest light levels. These communities have the greatest expression of flavodoxin (Pankowski & McMinn 2008) . Communities in brine channels near the surface are exposed to elevated salinities and the greatest PAR and UV irradi-ances, but have the greatest expression of ferredoxin (Pankowski & McMinn 2008) . These results strongly imply that, in this environment, severe iron stress is responsible for the flavodoxin expression.
Recovery of Fragilariopsis cylindrus from iron limitation
Iron concentrations in much of the Southern Ocean are low, mostly <1 nM (Coale et al. 2005 , Ellwood et al. 2008 . While iron concentration within sea ice has recently been found to be up to an order of magnitude higher than that of the underlying water column (Lannuzel et al. 2007 ), these elevated levels would still be likely to limit growth of many sea ice diatoms. Furthermore, most ice algal biomass is concentrated at the bottom of floes, i.e. in contact with the low Fe waters of the Southern Ocean, and would therefore experience Fe-limited growth conditions similar to phytoplankton. Our data showed that severe nutrient stress occurred in both species examined at the lowest experimental iron values (6.25 nM); ambient under-ice Fe levels would have had an Fe concentration an order of magnitude lower again; brine channel concentrations would have had a concentration within the lower range of our experiments and thus would still have experienced severe in situ Fe limitation To conduct analyses for ferredoxin and flavodoxin on algae extracted from sea ice, the organisms must be extracted from the ice matrix by melting. The melting process can be completed within approximately 12 h. A key concern was that during this time unavoidable contamination of samples with iron may result in changes to in situ ferredoxin and flavodoxin expression. Therefore, experiments were conducted to observe the temporal changes in recovery from iron limitation in Fragilariopsis cylindrus.
Changes in F v /F m , α, rETR max , chlorophyll and ferredoxin/flavodoxin occurred with different kinetics following the addition of iron to iron-limited cultures. The parameter that recovered first was rETR max , which attained iron-replete levels within 12 h of iron addition. Both F v /F m and α increased with similar linear kinetics, and recovered to 80 and 70% of iron-replete values over the course of the 24 h experiment. Changes in α were, therefore, primarily due to increases in primary charge separation and are most likely due to an increase in functional PSII centres as has been observed previously (Vassiliev et al. 1995) . Although both α and rETR max increased substantially during 24 h of recovery, E k remained at higher than iron-replete levels. Hence, despite a recovery in the maximum relative electron transport rate, higher photon flux densities were required to achieve this rate. Despite significant relaxation of constraints on photochemistry in the 24 h period, changes to protein expression and cellular chlorophyll concentrations occurred more slowly. Cellular chlorophyll concentrations increased only marginally in the 24 h period and only at the final time point. There was evidence of ferredoxin induction after 12 h, with a faint band discernable on Western blots. Significant expression of this protein was not observed until the 24 h time point. During this time flavodoxin levels did not change significantly.
In cultures of the temperate diatom Phaeodactylum tricornutum complete replacement of flavodoxin with ferredoxin occurred within 8 h of iron re-supply, and major reductions in flavodoxin were observed prior to the detection of significant amounts of ferredoxin, suggesting active degradation of this protein . In this organism complete replacement of flavodoxin for ferredoxin was accompanied by an approximate doubling of F v /F m (from 0.25 to 0.45).
The relative rates of recovery of F v /F m and protein expression are similar in both species, but the slower absolute rates of Fragilariopsis cylindrus compared to those of Phaeodactylum tricornutum are consistent with the temperature dependence of biochemical processes.
Recovery of F v /F m in both of these culture experiments are rapid compared to rates observed during open ocean iron enrichment in the Southern Ocean (Boyd et al. 2000) and Equatorial Pacific (Coale et al. 1996) . During the experiment in the polar ocean a doubling of F v /F m occurred in 4 d, while a similar degree of recovery was observed in 24 h during the temperate ocean experiment. Slower recovery rates during field conditions compared to laboratory trials suggest that the more ideal light and iron regimes of laboratory studies accelerate the recovery process. During extraction of algae from ice cores, conditions for recovery are far from ideal. Contamination by iron is likely to only marginally increase iron supply. Furthermore, light can be excluded from the samples, and changes in salinity that occur during melting are known to physiologically stress these organisms (Ryan et al. 2004) , which would likely further impair the process. Hence, changes in ferredoxin and flavodoxin levels during melting are unlikely.
Ferredoxin and flavodoxin as markers for iron nutritional status
In Fragilariopsis curta flavodoxin expression was found to be constitutive. The constant level of expression of this protein in this organism under conditions ranging from iron-replete growth to severe iron-limitation clearly precludes the use of this protein as a marker for iron nutritional status in this species. Widespread constitutive expression of flavodoxin by other sea ice-associated diatoms from both the Arctic and Antarctic (Pankowski & McMinn 2009) would be expected to be under similar regulatory control to that of F. curta. Hence, neither flavodoxin abundance nor flavodoxin presence can be used to signify iron nutritional status in sea ice communities. In light of these results, it is interesting to re-assess the observed persistence of flavodoxin expression during the first Southern Ocean iron enrichment experiment (SOIREE) (Boyd et al. 2000) . In this experiment F v /F m attained values close to 0.5, but flavodoxin expression persisted. This was thought to be due to incomplete alleviation of iron stress. The bloom that formed was dominated by F. kerguelensis. Based on the observed constitutive expression of flavodoxin in other closely related large oceanic Fragilariopsis species from both the Arctic and Antarctic (Pankowski & McMinn 2009) , it is likely that the observed persistence of flavodoxin was due to constitutive expression of flavodoxin in F. kerguelensis and other diatoms that bloomed in response to iron enrichment.
That flavodoxin is expressed as an early response to iron limitation in Fragilariopsis cylindrus and that its expression is maximal under conditions where neither growth was reduced nor photosynthesis significantly impaired means that neither the presence of this protein nor the ferredoxin index can be used to signify a level of stress that would have significant environmental consequences.
Although not all polar diatoms are capable of expressing ferredoxin, the ability to express this protein is retained in many Antarctic diatoms (Pankowski & McMinn 2009) . Fragilariopsis cylindrus, which retains this ability, has an almost ubiquitous distribution in this environment (Lizotte 2001) . Some species capable of expressing ferredoxin would be present in most sea ice communities. The likely presence of ferredoxin-producing microalgae in most sea ice communities, coupled with the fact that this protein is present in F. cylindrus only when growth rates are maximal, suggests that the presence of this protein is likely to serve as an indicator of iron sufficiency in Antarctic sea ice. Finally, that the induction of ferredoxin in iron-limited F. cylindrus is slower than the time taken to process sea ice samples indicates that analyses conducted for these proteins will accurately reflect protein expression in situ. 
